Introduction and hypothesis Two-dimensional magnetic resonance imaging (MRI) of posterior vaginal prolapse has been studied. However, the three-dimensional (3-D) mechanisms causing such prolapse remain poorly understood. This discovery project was undertaken to identify the different 3-D characteristics of models of rectocele-type posterior vaginal prolapse (PVP R ) in women. Methods Ten women with (cases) and ten without (controls) PVP R were selected from an ongoing case-control study.
Introduction
Pelvic floor dysfunction results in 11% of women undergoing surgery [1] in the USA during their life span. Over 200,000 operations are performed for prolapse [2] with repair of posterior vaginal prolapse (PVP) included in 87% [3] . The annual estimated cost for these operations exceeds US$1 billion [4] .
The structural deformations seen in women with anterior vaginal prolapse (cystocele) have received considerable attention and study [5] [6] [7] . The pathomechanics of PVP has received less attention and so is not yet well understood. Current imaging studies concerning rectocele have focused on the contour of the rectum seen in midline sagittal projection [8, 9] . Changes in the overall contour of the posterior vaginal wall are less well documented and there is no consensus on what to measure. Although there is obvious deformation of the posterior vaginal wall in PVP, the exact nature of this 3-D deformation has not been clarified. The potential changes present in posterior vaginal wall width and the relationships involving the lateral margins of the posterior vaginal wall are also not clear [10, 11] .
This study was therefore undertaken by conducting a secondary analysis of data from a larger ongoing case-control study of pelvic organ prolapse. We tested the hypothesis that it is possible to identify characteristic shapes of PVP visible on magnetic resonance imaging (MRI) scans at rest and maximum Valsalva.
Materials and methods
MRI scans of ten women with rectocele-type posterior vaginal prolapse (PVP R ) and ten with normal support (controls) were selected from an ongoing University of Michigan Institutional Review Board-approved (IRB # 1999-0395) case-control study of pelvic organ prolapse. Women in the control group were recruited by newspaper and radio advertisement for healthy volunteers and had to be asymptomatic and had normal vaginal support with all Pelvic Organ Prolapse Quantification (POP-Q) points <−1 cm. All PVP R cases had posterior vaginal prolapse with posterior vaginal wall (PVW) extending at least 1 cm below the hymen based on POP-Q and had symptoms of bulging or protrusion. In order to be included the rectocele had to be the predominant aspect of the prolapse and extend at least 1 cm lower than the most dependent part of the anterior wall or the uterus/apex. Women with predominant enteroceles or anterior vaginal prolapse were excluded. None of the subjects had previously undergone hysterectomy or prior pelvic floor surgery. The 26 scans of women with rectocele were further evaluated for inclusion according to the following criteria: prolapse size consistent with clinical examination (POP-Q), ability to hold Valsalva for the entire 17 s of scan acquisition, freedom from significant motion artifact, inclusion of all necessary structures, evenly distributed intravaginal ultrasound gel, and sufficient definition of vaginal walls to allow models to be made. Of the 26 scans, 10 were selected based on the above criteria. Similarly, the matched controls (who had an age difference within ±2 years, number of vaginal deliveries within ±1, and were of similar race) had to meet the above criteria with the exception of not having prolapse.
As described in our previous work [6, 12] , each subject underwent supine multiplanar, two-dimensional, fast spin, proton density MR imaging both at rest and during maximal Valsalva using a 3 T superconducting magnet (Philips Medical Systems Inc, Bothell, WA, USA) with version 2.5.1.0 software. At rest, each 30 images were serially obtained at the axial, sagittal, and coronal, with 20×20 cm fields of view, 4 mm slice thickness, and a 1 mm gap between slices. During maximal Valsalva, each 14 images were serially obtained at the same three serial planes, with 36×36 cm fields of view, 6 mm slice thickness, and 1 mm gap. In order for the images to be considered adequate, they had to allow visualization of vaginal margins.
The MR images from axial, sagittal, and coronal planes were imported into 3D Slicer 3.4.2009-10-15 (Brigham and Women's Hospital, Boston, MA, USA). The resting axial and sagittal images were aligned first, with manual registration and fixed landmarks such as pubic bone and sacrum. Threedimensional models were made of the following resting structures: bony pelvis and ischial spines using axial images, and posterior vaginal wall using sagittal images based on our previous anatomic work [10, 13, 14] . Figure 1 illustrates the 3-D model generation process and subsequent reference line as described below. The vaginal wall was modeled using sagittal strips to avoid artifacts from smoothing. The models were compared to the original MR images to confirm their fidelity.
To analyze deformation of posterior vaginal wall under load, 3-D models of midsagittal pubic symphysis and sacrum were reconstructed using the MR images from maximal Valsalva and aligned with the pelvic bones of the resting images. This registration information was then applied to the soft tissue images making it possible to align the subsequently constructed 3-D posterior vaginal wall with the previously created resting models using the pubic symphysis and sacrum. A reference line was constructed on each side of the pelvis representing the normal location of the arcus tendineus fascia pelvis (ATFP) from its pubic attachments to the ipsilateral ischial spine ("P-IS" line) for visual reference and consideration for future measurement purposes [6, 12] .
To compare the 3-D reconstruction models among case and control groups, the resting and maximal Valsalva 3-D models were imported into Microsoft PowerPoint®. All models were aligned by the position of the pubis and with a dotted line indicating the usual location of the perineal body. Then the above models were compared visually among the case and control groups, with morphologic changes identified using descriptive terminology. Two physician coauthors scored the frequency for the characteristic in both case and control groups. A descriptive statistical analysis was performed of case and control demographics. Fisher's exact tests were used to determine the statistical significance (p<.01) of the proportions of women in each group who manifest each phenomenon.
Results
Subjects' characteristics and POP-Q values are shown in Table 1 . The case and control groups were matched by race, age, and vaginal parity. No subjects in either group had undergone a hysterectomy and all cases were rectocele-type prolapse predominantly. Statistically significance differences were found at points C, Ap, and Bp during clinical POP-Q examination for the two groups.
The lateral views of rest and strain models in all 20 subjects are shown in Fig. 2 . With Valsalva, two characteristics were consistently visible in women with PVP R (10/10): (1) the posterior vaginal wall displayed a folding phenomenon similar to a person beginning to kneel ("kneeling") ( Fig. 3c) and (2) downward displacement in the upper two thirds part of the vagina (Fig. 3c) . In addition to the kneeling and downward displacement characteristics, in women with PVP R the posterior vaginal wall underwent other morphologic changes. For example, forward protrusion of the distal vagina (6/10) can be seen in some subjects (Fig. 3c) . About half of the subjects (5/10) had perineal descent. To be considered as forward protrusion and perineal descent phenomena, the amount of forward or downward movement has to be significant enough (e.g., lower one third of vaginal wall loses contact compared to control group). In addition, distal widening in the lower third of the vagina was seen in a few (3/10) subjects. The complete comparison of the frequency of the above morphologic findings is shown in Table 2 for the case and control groups. 
Discussion
We examined the appearance of the posterior vaginal wall at maximal Valsalva in normal women and women with rectocele as a secondary analysis of an ongoing case-control study of pelvic organ prolapse. The hypothesis was supported in that we found consistent changes in the shape and position of the vagina in women with posterior vaginal prolapse. Increased folding (kneeling) of the vagina and an overall downward displacement were consistently present in rectocele. Other less consistent phenomena included forward protrusion, perineal descent, and distal widening. The kneeling is not just a forward protrusion of the distal vaginal wall, but a more complex phenomenon as it can occur in the absence of forward protrusion. The addition of descent of the upper vagina in those with kneeling seemed to "pinch off" the bowel as the upper vagina moved toward the levator plate; this suggests that it may play a role in obstructive defecatory dysfunction. Further measurements will be needed to confirm or refute this hypothesis. These findings are consistent with findings in 2-D sagittal imaging [10] but qualitatively are much richer in the information they provide. In addition, with this 3-D MR imagingbased modeling technique, we can better visualize the relationship between the lateral wall and reference lines such as the P-IS line so that a quantitative unified 3-D biomechanical model can be created to test different hypotheses related to mechanism of the PVP R . Furthermore, it allows us to evaluate the degree of vaginal widening that is seen in some subjects.
We were surprised that distal widening of the vagina was not seen universally in the population with PVP R . Certainly it is an expected finding, but on reflection this fits with clinical experience that not all rectoceles are the same. Now that it is possible to image vaginal width, researchers can pursue explanations for why one woman has this phenomenon and others do not, and determine if it is related to defecatory dysfunction seen in some women with PVP.
One prominent aspect of rectoceles was the downward displacement of the upper vagina. This is accompanied by a change in the relationship between the vagina and the P-IS line that identifies the normal location of the fascial arch. This raises the issue of whether or not there is a "posterior paravaginal defect." In work on the anterior vaginal wall [15, 16] we have seen that paravaginal defect and apical descent are essentially two aspects of the same phenomenon. Further work will be needed to clarify this issue.
There are significant differences of opinion among experts in the field regarding the anatomic factors responsible for rectoceles and the relationship between surgical approaches and outcome [17, 18] . The differences of opinion start simply with how to define or quantify the rectocele. Urogynecologists often struggle with an adequate way of describing the rectocele [19, 20] . Most imaging studies to date have focused on measurements of the rectal contour with contrast during defecation which is a different phenomenon than the movement of the posterior vaginal wall elicited during pelvic examination [9, 21] . Both have their separate roles in understanding problems with posterior vaginal wall support. Obtaining accurate 3-D information about the structural changes present in individual women shows great promise as an investigative technique and may lead to specific surgical therapies.
A lack of objective reproducible preoperative tests that can identify the specific nature of each patient's defect has prevented clinical trials that test the hypothesis that a specific approach may have better results in patients who have a specific type of rectocele. The current project is a start towards developing an assessment strategy that can identify different anatomic defects responsible for a woman's anatomic problem. Next steps might include quantitative measures of posterior vaginal wall morphology to test specific hypotheses and then evaluation of these abnormalities to the status of surrounding structures such as the levator ani muscle and the pelvic fascia. We are not implying by this research that we believe MR imaging is, at present, necessary for the clinical management of a rectocele, but if this line of investigation is successful in capturing clinically important differences between different types of rectoceles that affect surgical outcome then it may become helpful. Of course symptoms are not always tied to anatomy and this line of investigation does not diminish the importance of assessing other causes of defecation difficulty [22] .
Several factors must be kept in mind when interpreting the result of these studies. This is a small sample of specifically selected women with distal posterior vaginal wall prolapse. We specifically selected women with predominant rectoceles in order to have a more homogeneous sample to analyze. It will be necessary to study women who also have significant cystocele or uterine prolapse in association with rectocele to gain an understanding of more complex prolapses. In addition, the changes seen in women with enteroceles will also need to be studied. The MR images are obtained in the supine position and not during defecation. However, these studies are similar to supine pelvic examination with Valsalva that clinicians use to examine the prolapse and perform a POP-Q examination (except for somewhat less thigh abduction). It is a limitation that we used gel in the vagina to help with visualization and in some instances in normal women it fills the upper vagina thereby slightly changing the contour. The characteristic features were identified by consensus between two of the clinical authors (JOLD, KAL) based on morphologic patterns in preparation for developing a quantitative system. This study is a first step to analyze the structural 3-D deformations involved in rectocele. It includes qualitatively studying the characteristic changes of posterior vaginal wall both at rest and maximal Valsalva from MR images for case and control groups. Future quantification of the differences between women with and without prolapse should give insights into the mechanism of the posterior vaginal wall prolapse and potentially lead to better surgical treatment strategies.
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